Abstract. Chromosomal alterations are a major genomic force contributing to the development of lung cancer. We subjected 22 cases of squamous cell carcinoma of the lung (SCC) to whole-genome microarray-CGH (resolution, 1 Mb) to identify critical genetic landmarks that might be important mediators in the formation or progression of SCC. On a genome-wide profile, copy number losses (log 2 ratio <-0.25) on chromosome 9p occurred in 72.7% (16/22) of the SCC cases, and the delineated minimal common region was 9p24.3-p21.1. The progression of SCC to advanced stages or poorly differentiated malignancy was significantly associated with an increase in the copy number losses on 9p (P=0.033). More specifically, 2 distinct homozygous deletion (HD) loci (log 2 ratio <-1) were identified as novel loci for candidate tumor suppressor genes (TSGs) in SCC: one, spanning 128 kbp on 9p21.1 [4.5% (1/22)] and the other, spanning approximately 200 kbp on 9p24.3 [13.6% (3/22)]. The HDs at 9p24.3 was found to contain the putative TSG, DOCK8 and 2 possible candidate TSGs, DMRT1 and DMRT3. Quantitative real-time PCR (qRT-PCR) analysis demonstrated the array-CGHdetected potential candidate genes DMRT1, DMRT3 and DOCK8, at 9p24.3 were under-expressed in SCCs. Our study indicated that chromosome 9p loss is the hallmark of SCC, and DMRT1, DMRT3 and DOCK8 genes at 9p24.3 might be of interest for the study of the pathophysiology of SCC as potential targets for therapeutic measures.
Introduction
Non-small cell lung cancer (NSCLC) is responsible for the highest number of cancer-related deaths worldwide (1) , and the 2 main types of NSCLC, namely adenocarcinoma and squamous cell carcinoma (SCC), account for over half of the NSCLC cases. SCC of the lung is characterized by a complex pattern of cytogenetic and molecular genetic changes; chromosomal aberrations are a hallmark of cancer cells and are highly prevalent in SCC (2) . Although many studies have been performed to evaluate the genetic events associated with the development and progression of SCC (3, 4) , its molecular mechanism still remains to be understood, and identification of the predictive markers is crucial.
Homozygous deletions (HDs) are major genomic forces contributing to the development of many solid tumors and provide an important resource for identifying the location of candidate tumor suppressor genes (TSGs). In cancer genomes, such HDs can cause the inactivation of genes with tumor suppressor activity and thus contribute to cancer development and progression (5, 6) . Therefore, detection of specific gene deletions in tumor cells can lead to the identification of genes putatively involved in growth control and tumorigenesis.
Previous analyses of the SCC genome with low-resolution chromosomal or BAC array-CGH have demonstrated several typical regions with genomic deletions. The most common HDs in SCC have been repeatedly detected on 3p, 4q, 8p, 9p and 17p (7) (8) (9) . Many significant genes that map to these regions have previously been described to be deleted in SCC (e.g., BRCA1, PTEN, TP53 and CDKN2A/p16) (5, (10) (11) (12) and are known to promote the carcinogenesis of SCC; however, little is known about the specific underlying genes that affect tumorigenesis in SCC. Furthermore, the genomic markers that predict aggressive clinical behavior of SCC still remain to be identified. In this study, we therefore conducted a highresolution array-CGH scanning for HDs in 22 SCC cases to identify the critical TSGs that could play an important role in SCC progression.
Materials and methods
Patient specimens. Twenty-two SCC of lung cancer patients were analyzed by array-based CGH. None of these patients had been administered preoperative chemotherapy or radiation. All tumors were histologically classified according to the standard World Health Organization (WHO) criteria.
Clinical staging was performed according to the International Union Against Cancer (UICC) recommendations. All cases were reviewed by pathologists to verify the original histopathological diagnosis, tumor stage, tumor differentiation and lymph node metastasis. This study was reviewed and approved by the Institutional Review Board of the Chungnam National University Hospital. Written informed consent was obtained from each patient according to the institutional regulations.
Touch preparations were performed as described previously (13) . The genomic DNA was extracted using a Genomic DNA purification kit (Promega, Madison, WI, USA), with some modifications as described before (14) : commercial genomic DNA was used as a reference (Human Genomic DNA: Female; Promega; cat. no. G1521).
Array-CGH. Array-CGH was run on the MacArray™ Karyo 4000 K BAC-chip (Macrogen, Seoul, Korea; http:// www.macrogen.co.kr) (3, (14) (15) (16) (17) (18) , consisting of 4,046 human BACs applied in duplicate and a resolution of 1 Mbp. All clones were two-end sequenced using an ABI PRISM 3700 DNA Analyzer (Applied Biosystems, Foster City, CA), and their sequences were blasted (using BLAST; http://blast.ncbi. nlm.nih.gov/Blast.cgi). The information on each individual clone was obtained from the UCSC Genome Bioinformatics database [http://genome.ucsc.edu; Build 36, Version Mar.
(hg18)].
Hybridizations were carried out using a standard direct method as described previously (13) . Briefly, 500 ng of normal male DNA (reference) and digested tumor DNA (test) were labeled with Cy5-dCTP and Cy3-dCTP, respectively, by random primed labeling (Array CGH Genomic Labeling System; Invitrogen, CA, USA). The labeled DNA was then washed, its yield was quantified, and the appropriate control and test samples were combined in equal amounts. The labeled probe and human Cot-I DNA were mixed and dissolved in the hybridization solution. Hybridizations were performed in a sealed chamber for 48 h at 37˚C. After hybridization, the hybridized array slides were scanned on a GenePix 4200A two-color fluorescent scanner (Axon Instruments, Union City, CA, USA). The acquired images were analyzed using GenePix Pro 4.1 imaging software (Axon Instruments).
Data analysis. We applied LOWESS normalization, a form of smoothing adjustment that removes intensity-dependent dye bias. The spot quality criteria were set as foreground-tobackground >3.0 and standard deviation of triplicates <0.2. Breakpoint detection and status assignment of the genomic regions was performed using GLAD software (19) . The average log 2 Cy3/Cy5 signal ratios of the triplicate BAC clones were calculated for each sample, and chromosomal aberrations were classified as a gain or loss when the normalized log 2 Cy3/Cy5 ratio was >0.25 or <-0.25, respectively. Homozygous deletion of clones was defined as an intensity ratio of <-1 on the log 2 scale (20) (21) (22) . This threshold value was determined empirically as a value 3-fold that of the standard deviation calculated from 30 normal male to normal females in hybridization experiments. The software MAC viewer (v1.6.6), CGH-Explorer 2.55 and Avadis 3.3 Prophetic were used for graphical illustration and image analysis of the array-CGH data. The Benjamini-Hochberg false discovery rate (FDR) was applied for multiple testing correction for the high number of false-positive calls. The R 2.2.1 package of the Bioconductor Project (http://www.bioconductor.org) was used for the detection of the frequency of gain or loss and for statistical analysis.
Statistical analysis. The differences in the log 2 ratios as well as in the Chi-square test were used for group comparisons of significant loss of genomic content. We also applied Fisher's exact test using two categories, i.e., normal and abnormal (loss), along with the null hypothesis that 'the relative proportions of each of the 2 imbalance categories is the same between the groups'. For comparison, 3 types of clinical variables were treated as categorical variables, including the lymph node status (N1/N2 vs. N0), histological differentiation (poorly differentiated vs. well differentiated/moderately differentiated), and the tumor stages (I, II and III). The counts of abnormal versus normal were summarized from the clinicopathological parameters of SCC for each BAC, providing 2x2 tables for analysis. The correlation between the BAC chip and quantitative real-time PCR (q-RT-PCR) data was determined by Pearson correlation analysis (P<0.05). In all statistical analyses, P<0.05 was considered statistically significant.
Quantitative real-time PCR analysis.
In order to validate the array-CGH results, we performed a quantitative real-time PCR analysis using the ABI PRISM 7900HT Sequence Detection system and TaqMan Gene Expression assays according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA).
Amplifications were performed using the Universal Master Mix (Applied Biosystems) and included 40 cycles under the following cycling conditions: denaturation for 15 sec at 95˚C and annealing/amplification for 1 min at 60˚C after initial activation for 10 min at 95˚C. All samples were amplified in triplicate, and the data were analyzed using Sequence Detector software (Applied Biosystems). We quantified the sample DNAs using standard curves generated using 3 reference DNAs. All data analysis was conducted using ArrayAssist ® (Stratagene, La Jolla, CA, USA) and R (version 2.7.2). Normalized normal human pooled genomic DNAs (Promega) were used as the reference DNAs.
Results

Identification of chromosome 9p losses by genome-wide array-CGH.
To identify the critical genetic markers associated with SCC progression, we performed a genome-wide array-CGH consisting of 4,046 BAC clones in a series of 22 SCC cases. A detailed overview of the clinicopathological data of the 22 SCC cases is summarized in Table I .
As the first step of our analysis, we decided to focus on chromosome 9p, one of the most frequently lost [72.7% (16/22) ] and hemizygous deleted [36.4% (8/22) ] regions in the SCC cases. In addition, the copy number losses of 9p were significantly affected by the progression of SCC to advanced stages or in poorly differentiated SCC. We reasoned that because of the high frequency of 9p chromosomal imba-lances, this region is likely to harbor TSGs important for SCC development. The minimal common region of chromosome 9p was identified by genome-wide array-CGH to be located between BAC250_B08 and BAC131_L14.
In this region, we further clarified two common regions of loss at 9p21.3-p21.1 (8/22; 36.4%), which harbors representative TSGs such as CDKN2A/p16, MTAP and TEK, and at 9p24.3-p24.1 (8/22; 36.4%), which contains 18 possible target genes according to the information archived by human genome databases (http://genome.ucsc.edu/). A high frequency of hemizygous deletions (-0.5< log 2 ratio ≤-1) in the 9p24.3-p21.1 region was also noted in 22.7% (5/22) of the cases. The detailed analysis of the above 2 distinct regions of alteration on chromosome 9p with the potential target genes in the 22 SCCs is summarized in Table II . Chromosome 9p losses in relation to the clinicopathological characteristics. To clarify the significance of the copy number losses on chromosome 9p in the pathogenesis of SCC, we explored the relationship between chromosome 9p losses and the clinicopathological characteristics of the SCC cases. Chromosome arm 9p losses were strongly associated with the prognostic indicators of SCC, such as lymph node Table I . Summary of clinicopathological data of the 22 SCC cases. 
a WD, well differentiated; MD, moderately differentiated; PD, poorly differentiated.
metastasis status, histological differentiation and tumor stage. The prevalence of 9p losses was greater in patients with lymph node metastasis than in patients without lymph node metastasis (N1/N2: 87.5% vs. N0: 62.3%, respectively; Fig. 2A ). The incidence of 9p losses was also linked to the histological differentiation of SCC in that 9p losses were significantly more frequent in poorly differentiated (PD) SCC than in well-differentiated (WD)/moderately differentiated (MD) tumors (100.0 vs. 53.8%, respectively; P=0.033; Fig. 2B ).
More specifically, statistically significant differences were detected in the prevalence of copy number losses on 9p among different tumor stages. The incidence of 9p losses was directly related to the stage of disease progression and exhibited a tendency to increase with the advancement of the tumor stage, as shown in Fig. 2C (P=0.033) .
Target genes involved in homozygous deletions at 9p24.3-p21.1 region in SCC.
Since the most frequent genetic aberrations have already been identified, we focused on the identification of high-magnitude copy number changes, such as HDs, that could provide important resources for identifying the locations of candidate TSGs in SCC. On examination of a genome-wide platform at a resolution of 1 Mb, we identified 2 independent HD (log 2 ratio <-1) loci on chromosome 9p, one spanning a 128-kbp region on 9p21.1 
----------------------------------------------------------------------------------------------------
--------------------------------------------------------------------------------------------------
Alterations were defined by log 2 ratio thresholds of -0.25 for copy number loss.
b Alterations were defined by log 2 ratio thresholds of -0.5< log 2 ratio ≤-1 for hemizygous deletion. c Alterations were defined by log 2 ratio thresholds of <-1 log 2 ratio for homozygous deletion. Using this threshold, we generated a frequency table.
- profiles with the HD at the 9p24.3-p21.1 (B) are presented in greater detail in the lower portion.
----------------------------------------------------------------------------------------------------
We confirmed the presence of a previously recognized HD on chromosome 9p24.3, which has been shown to target DOCK8 and spans 3 of the 5 deleted regions; this HD, therefore, appeared to be an excellent candidate for a TSG. The median span of the HDs was 120 kbp (range: 94-152 kbp), and all HDs were located between BAC57-F05 and BACAC-N08. Furthermore, we identified 2 possible candidate TSGs, namely DMRT1 and DMRT3, at 9p24.3. The minimal common region identified by genome-wide array-CGH was located within a 112-kb length on chromosome 9. A 128-kbp HD region on 9p21.1 including all unknown genes was found in the SCC cases. The representative genome profiles of chromosome 9 with the HD at 9p24.3 are shown in Fig. 4A , and the minimum deleted region of 9p24.3 with the potential target genes, DMRT1, DMRT3 and DOCK8, in the 22 SCCs are shown in Fig. 4B . 
Validation of the expression levels of the candidate 9p24.3 TSGs by quantitative real-time PCR.
We further conducted a quantitative real-time PCR (qRT-PCR) analyses for the 3 potential TSGs (DMRT1, DMRT3 and DOCK8) at 9p24.3 to demonstrate the consequences of the HDs identified by array-CGH. The primers for the 3 genes (DMRT1, DMRT3 and DOCK8) are presented in Table III .
We found strong correlations between the qRT-PCR and array-CGH results. HD of the 3 TSGs (DMRT1, DMRT3 and DOCK8) at 9p24.3 as revealed by array-CGH also showed a statistically significant correlations with their expression levels in the SCC samples. The correlation coefficients between the gene expression levels in qRT-PCR and the copy numbers estimated by array-CGH analysis for the 3 genes (DMRT1, DMRT3 and DOCK8) were 0.896, 0.737 and 0.654, respectively (P<0.05). The values of array-CGH were depicted by linear-ratios, and the N-value was delineated in qRT-PCR. Fig. 5 represents the scatter plot analysis of all the data points of the 3 genes, DMRT1, DMRT3 and DOCK8, based on array-CGH and qRT-PCR of the SCC cases.
Discussion
Array-CGH has been recognized as a successful and valuable tool for whole genome evaluation. The use of array-CGH allows determination of changes in the copy numbers of single genes or relatively small chromosomal regions, thus improving the resolution of traditional CGH and potentially facilitating more confident identification of new candidate genes (23) .
Whole-genome array-CGH showed copy number losses on chromosome 9p in 72.7% (16/22) of the SCC cases, with common regions mapped to 9p24.3-p21.1. The short arm of chromosome 9 has long been suspected to include critical TSGs in lung cancer (18, (24) (25) (26) (27) (28) . Pertersen et al (24) reported that in SCC of the lung, the most prevalent deletions with an incidence of >50% were observed on chromosome 9p, and Sato et al (25) also described the chromosome arm 9p as the most frequent target for HDs in lung cancer. More recently, a published study has shown the high incidence of copy number losses (44%) on 9p in SCC detected by whole-genome array-CGH (7). Taken together, these results and the findings of our study suggest the likelihood that the short arm of chromosome 9 harbors TSGs that are important in the pathogenesis of SCC and/or genomic features fragile during lung carcinogenesis.
Interestingly, copy number losses on chromosome 9p have been considered to be one of the major drivers of SCC progression. These observations prompted us to examine whether there exists a correlation between copy number losses on 9p and the clinicopathological parameters in SCC. We demonstrated that aggressive behavior of SCC, such as in advanced stages or poorly differentiated malignancies, is significantly associated with an increase in the copy number losses on 9p (P=0.033). Recurrent copy number losses on 9p have been shown to be directly related to the tumor stage, preferentially detected in advanced tumors, and responsible for SCC progression. Wilkens et al described that certain genomic alterations that occur in early cancers may be Table III . Primers used for quantitative real-time PCR analysis. --------------------------------------------------------------------------------------------------Figure 5 . Correlation between the DMRT1, DMRT3 and DOCK8 copy numbers estimated by array-CGH (X-axis) and the gene expression level assayed by qRT-PCR (Y-axis) in the SCC cases. Each dark square represents the log 2 ratio value of the clone containing one of these genes for one case. The correlation coefficient (r) and the P-value are mentioned in the upper left-hand corner of the figure. responsible for tumor development, and the genomic alterations that are detected in advanced cancers are connected to tumor progression (27) . These findings suggest that the disease stage or degree of histological differentiation could be estimated by an analysis of the genomic alterations on certain chromosomal regions prior to the initiation of treatment (18) . Although this result supports previous findings that 9p loss is one of the major drivers of SCC progression, it also suggests the concept of a genomic stage and others routes of progression of SCC.
Whole-genome array-CGH at a resolution of 1 Mb allowed the identification of 2 distinct HD (log 2 ratio < -1) loci on chromosome 9p: one, spanning a 128-kbp region on 9p21.1 [4.5% (1/22)] and the other, spanning a 200-kbp region on 9p24.3 [13.6% (3/22)]. The HD at 9p24.3 was found to contain the putative TSG, DOCK8. The DOCK8 gene is thought to be one of the prime target genes on 9p, and its reduced expression or HD has already been described in connection with various tumors, including lung cancer. Saelee et al (28) have reported under expression of the DOCK8 gene at 9p24.3 (44%) in hepatocellular carcinomas and Takahashi et al (29) have documented the involvement of epigenetic down-regulation of DOCK8 in the development and/or progression of lung cancer. Taking together the results of this study with the findings of others, the DOCK8 gene appears to be the most likely target for 9p24 HDs and can be defined as an independent target region for chromosome 9p deletions in various tumors including SCC.
In addition, we identified 2 possible candidate TSGs, DMRT1 and DMRT3, as novel potential targets for HDs at 9p24.3. To our knowledge, an HD at 9p24.3, the location of DMRT1 and DMRT3, has thus far not been documented in SCC; however, genetic mutations of DMRT1 and DMRT3 have commonly been found in different cancer types. Chen et al (30) suggested DMRT1 as a novel translocation partner of BCL6 in gastric lymphomas, and an aberrant methylation of the DMRT1 gene in gastric cancers has also been documented (31) . More recently, in the study of Arora et al (32) , DMRT1 and EGFR were both shown to be direct targets of EGR1, and EGR1 bound to their promoters. Furthermore, the DMRT3 gene has been suggested as one of the target HDs at 9p24.3 in lung cancer cell lines (33) . These findings support our hypothesis that DMRT1 or DMRT3 may be potential TSGs in SCC. Therefore, an HD of DMRT1 or DMRT3 appears to be involved in the carcinogenesis of solid tumors, including SCC. Additional investigations are needed to address the molecular mechanisms of the tumor suppressor properties of DMRT1 or DMRT3 in SCC of the lung.
We subjected the three potential target genes of DMRT1, DMRT3 and DOCK8, to qRT-PCR analysis. Q-RT-PCR demonstrated array CGH-detected candidate genes that were under expressed in SCCs, thereby showing great potential as candidates for predictive markers of SCC. Further functional and biological studies are expected to validate and evaluate the role of DMRT1 or DMRT3 as novel candidate TSGs in SCC in larger series and on multiple samples.
In the present study, we significantly extended previous findings and firmly established that aggressive clinical behavior and poor progression of SCC is strongly associated with the loss of the chromosome 9p arm. Furthermore, we confirmed a recognized HD at the DOCK8 locus and identified 2 highly potent novel TSGs, namely DMRT1 and DMRT3, on the chromosome 9p24.3 HD target in SCC cases. These newly identified genes could provide a basis for further functional validation and might be the potential candidates for tumorigenesis in SCC.
